Current knowledge of the metabolism of zinc is summarized in relation to the clinical and public health importance of human zinc deficiency. Zinc metabolism is considered in relation to estimations of zinc requirements. Special attention is focused on the role and limitations of regulation of intestinal absorption of exogenous dietary zinc and of intestinal excretion of endogenous zinc in the maintenance of zinc homeostasis. The dynamic interrelationships between these variables and between each of these and readily exchangeable pools of body zinc are highlighted, as is the impact of dietary phytate on zinc requirements. Measurements of these variables utilizing zinc stable isotope techniques can provide quantitative information on zinc homeostasis and dietary zinc requirements in different communities, as well as facilitating assessment of alternative strategies for preventing zinc deficiency.
Biology of zinc
It is necessary to have some appreciation of the ubiquitous, versatile biology of zinc, if we are to understand how and why human zinc deficiency causes such a plethora of adverse effects involving multiple organ systems, which are nonspecific but of manifest public health importance.
Zinc has an outstanding ability to form strong, but readily exchangeable and flexible, ligands with organic molecules, including proteins and nucleic acids [1] . To a large measure, this ability undoubtedly underlies the incorporation of this micronutrient into so many basic cellular metabolic processes. Notable among these is the role of zinc at the catalytic site of a diverse range of metalloenzymes. The tertiary structure of many proteins is determined by zinc ligands. Thus, the integrity of cell membranes and of some ion channels is zinc-dependent. One notable example of the structural roles of this metal is the "zinc finger protein" [2] , which is the most common motif for those processes of transcription factors that link with the double helix of DNA to initiate gene expression, and which is also essential, for example, for the tertiary structure of nuclear receptors for steroid hormones. It is now apparent that the expression of certain genes is modulated by the quantity of zinc ingested and absorbed [3] . Moreover, there is some evidence to support the hypothesis that the zinc ion can serve in an intracellular regulatory capacity, including regulation of cellular growth and differentiation.
Many of the wide range of zinc-dependent metabolic processes are required by all cells. This can explain why the consequences of zinc deficiency are so many and varied and also why they are nonspecific. The special importance of zinc during periods of rapid prenatal and postnatal growth and for systems such as the immune system, in which cells have such rapid turnover, is likely to be attributable in substantial part to the multiple roles of this micronutrient in cellular growth and differentiation.
It is also appreciated, however, that other zincdependent biology is organ-or system-specific, e.g., the role of this metal in neuronal transmission in the central nervous system [4] .
Zinc metabolism and homeostasis
Discussion of zinc metabolism will focus on those aspects that are especially relevant to better understanding of dietary zinc requirements. Ultimately, of course, it is the effects of suboptimal zinc on zinc metabolism at a subcellular level that are most directly relevant to the clinical and public health consequences of zinc deficiency. Recent progress at the molecular and subcellular level has been substantial [5] , as has progress in the identification of some of the zinc transporters that undoubtedly have a vital role in maintaining zinc homeostasis at a molecular level [6] . Currently, however, this progress is not at the point at which it can assist to a significant extent with quantitative estimates of dietary zinc requirements. This discussion will be limited, therefore, to selected aspects of human zinc metabolism at an organ-system and whole-body level. Lest this be interpreted as a temporary stopgap approach, the durable value of quantitative data on human zinc homeostasis at the whole-body level merits emphasis [7] .
The application of zinc isotope tracer techniques combined with model-based compartmental analysis has served to illustrate the complexity of human zinc metabolism [8, 9] . As much as 90% of the 1.5 to 2 g of zinc in an adult man is present in slowly exchanging pools located principally in muscle and bone. Although these slowly turning-over zinc compartments are important to the organ systems in which they are located, as well as to total body zinc homeostasis, it is the approximately 10% of zinc that turns over rapidly, i.e., exchanging with zinc in plasma within a period of three days, that is thought to be especially important for so many aspects of zinc-dependent biology. Moreover, this exchangeable zinc pool, or rather combination of multiple pools, which encompasses zinc in the liver, pancreas, and other viscera, including the gastrointestinal tract (except for the luminal contents), is particularly sensitive to changes in the quantity of zinc ingested and absorbed [10] .
The gastrointestinal tract has a predominant role in maintaining total body zinc homeostasis. In addition to providing partial regulation of the absorption of exogenous dietary zinc, the intestine is the major route for excretion of endogenous zinc. Moreover, it appears to be the only significant site at which there is regulation of the quantity of endogenous zinc excreted except in circumstances of severely restricted intake. It is only in these circumstances of severely restricted intake that there is measurable reduction in the quantity of zinc excreted via the kidneys [11] [12] [13] [14] , skin, and in the case of adult men, semen [13] . Over a broad physiological range of intake, i.e., from about 4 mg of zinc per day up to 15 to 20 mg of zinc per day in an adult man, these nonintestinal losses of endogenous zinc can be regarded as a constant. In contrast, there is a strongly positive correlation between the quantity of zinc absorbed and the quantity of endogenous zinc excreted in the feces over this same range of intake.
Current data are consistent with the concepts listed below.
Absorption of exogenous dietary zinc
The relative importance of regulation of absorption in maintaining zinc homeostasis is still unclear, but, at least in the short term, it appears to have a major role [14, 15] . In special physiologic circumstances, this may be of predominant importance in maintaining homeostasis. For example, the increase in fractional absorption of exogenous dietary zinc in early human lactation can be of sufficient magnitude to largely offset the quantity of zinc secreted by the mammary gland [16] . However, restrictions of dietary zinc intake to levels well below those that are habitual are not entirely offset by increases in fractional absorption. Moreover, short-term adaptive changes in zinc absorption in response to dietary zinc restriction are not necessarily maintained [17, 18] .
The latter observations are consistent with data suggesting that the regulation of absorption of exogenous dietary zinc is not sufficient to maintain a constant size for at least some of the rapidly exchangeable zinc pools [19] [20] [21] .
Considering the other side of the coin, the progressive decrease in fractional absorption of zinc in response to progressive increases in intake, while substantial, is insufficient to avert potentially large increases in the quantity of zinc absorbed with excessive intake [9, 22] . This suggests that caution is required in selecting quantities of zinc supplements, especially if these are intended for long-term use.
Dietary factors may have a major impact on the regulation of zinc absorption by increasing or decreasing the quantity of zinc in the small intestinal lumen that is available for absorption. Most notable among these factors is phytic acid, high intakes of which are the rule rather than the exception in individuals who, and populations that, depend on plant sources for their nutrient requirements [23] .
Intestinal excretion of endogenous zinc
Large quantities of zinc are secreted into the gut lumen postprandially [24, 25] , and the majority of this zinc is subsequently reabsorbed. It is likely that the processes of secretion and reabsorption are both regulated and have important roles in zinc homeostasis. Although measurement of these processes separately poses formidable challenges, the net outcome, i.e., the quantity of endogenous zinc excreted in the feces, can be and is now being measured, primarily as a result of recent advances in the application of zinc stable isotope techniques [7, 26] . These measurements, though still in their infancy, are adding to our quantitative understanding of zinc homeostasis and are a vital component of future human research aimed at unraveling the many unanswered questions about why and in what circumstances zinc deficiency occurs.
The relationship between absorbed zinc and intestinal excretion of endogenous zinc is never static. Even at low levels of zinc absorption, the more zinc absorbed, the greater the intestinal excretion of zinc and vice versa [20, 26, 27] . These observations are not consistent with the concept of a static obligatory quantity of endogenous zinc that is unavoidably excreted by the intestine, but rather are consistent with the concept of a constantly changing amount that is closely related to the quantity absorbed.
When absorption is low, compensatory decreases in the quantity of endogenous zinc excreted via the intestine have a major role in maintaining zinc homeostasis. Indeed, with long-term [18] or habitual [20] low zinc intake, intestinal regulation of endogenous zinc excretion appears to be the only effective homeostatic mechanism in some circumstances. It is important to note, however, that balance may only be achieved through this mechanism after some depletion of body zinc, most readily detected by diminution of more rapidly exchangeable zinc pools [20, 28] .
As is the case with absorption, both host [19, 29] and dietary factors may have an adverse effect on the role of intestinal regulation of excretion of endogenous zinc in maintaining zinc homeostasis. Most notable of the host factors on a global basis is diarrhea [30] , whereas phytate [31] is the most notable of the dietary factors.
The subtleties of the interrelationships between absorption of exogenous dietary zinc, intestinal excretion of endogenous zinc, and systemic zinc metabolism (especially that of rapidly exchanging pools) can now be explored quantitatively in diverse population groups, including young children, by using stable isotope techniques. A substantial increase in research in this area could provide the information needed to better understand zinc requirements and the practical limitations of zinc homeostasis.
Dietary zinc requirements
Recognition of the global public health importance of human zinc deficiency, especially in young children, is attributable in large measure to the results of multiple well-designed intervention studies with zinc supplements, many of which have been completed within the past decade [32, 33] . Increases in growth velocity have been one frequent result of these interventions. Although not universally observed, careful and repeated meta-analyses of these studies have confirmed that overall both weight gain and linear growth velocity have been significantly greater in the zinc-supplemented children than in those who received a placebo [32] . Apart from any beneficial effects on growth itself, full evaluation of which may require longer-term studies, it is relevant to emphasize that zinc has no pharmacologic effect on growth velocity [34] . Therefore, it is reasonable to conclude that a measurable growth response in well-designed and executed, placebo-controlled studies of zinc supplementation provides prima facie evidence of a preexisting growth-limiting zinc deficiency state. It is intuitively unlikely that some responses to zinc supplements result from correction of an underlying deficiency state, whereas others are the result of a pharmacologic effect. It is, therefore, reasonable to conclude that other documented effects of these intervention studies [33, 35] are also attributable to correction or prevention of zinc deficiency. This conclusion is also consistent with what is known about the pathophysiology of zinc deficiency.
This conclusion, in turn, has important implications for better understanding of human dietary zinc requirements under a range of host and dietary circumstances. Unfortunately, with only few exceptions, especially in studies undertaken in developing countries, these investigations have not included reported dietary data. Such data could, at the very least, enhance understanding of critical levels of intake under different host and environmental, especially dietary, circumstances in which evidence of zinc deficiency occurred. Such data would be very useful in refining intervention strategies to prevent the public health consequences of zinc deficiency.
Theoretically, there are at least six strategies that could be used to assist in the estimation of dietary zinc requirements.
Perhaps the simplest strategy, but one that lacks precision, is estimating habitual intakes in populations without evidence of zinc deficiency. This approach can, of course, also be inaccurate if subtle evidence of deficiency is overlooked.
Use of biomarkers of zinc status. Currently, available biomarkers of zinc status lack sufficient sensitivity to be more than of minor supportive value [36] .
Utilization of functional indices of zinc deficiency. All potential indices identified lack specificity and are only of potential utility when combined with the following strategy.
Combination of baseline dietary intake data with results of zinc supplementation. As noted above, though potentially very useful, such data are currently very limited. There are, however, sufficient data, both positive and negative, available from the United States [37] [38] [39] , Canada [40] , and Chile [41, 42] to be of at least supportive value in estimating dietary zinc requirements for children fed diets in which the zinc is likely to be of moderate or high bioavailability.
Zinc balance data. Our review of published data for adult men suggests that the inherent inaccuracies in the balance technique have been sufficient to negate any theoretical utility of this approach. The theoretical value of this approach has also been denied on physiologic grounds [43] , although this conclusion may merit careful reevaluation as more data on zinc homeostasis become available.
Factorial approach. This approach is based on determination of the minimal quantity of absorbed zinc that is required to match endogenous excretion of zinc via all routes. In addition, it must include the quantity of absorbed zinc required for new tissue in growing children and during the reproductive cycle. Once the requirement for absorbed zinc has been determined, calculation of the quantity of dietary zinc required will depend on measurement or estimation of fractional absorption.
Despite the limited data available at this time, the last approach offers the most useful strategy for estimating requirements. This paper will not include details of requirements calculated primarily utilizing this approach, but these should be available from the Food and Nutrition Board of the Institute of Medicine (USA) in the near future. Meanwhile, some important physiologic concepts about requirements that appear to be valid, based on detailed review of existing published data, are considered briefly in the remainder of this section.
Minimization of losses of endogenous zinc via all routes at very low zinc intakes ensures that, in the absence of other factors, such as high phytate intakes, net losses of body zinc are only modest and gradual [11, 12, 14] . These observations should not, however, be interpreted to mean that zinc requirements are very low and that "just a little more zinc" above these negligible intakes will meet requirements.
As absorbed zinc increases from these very low levels, urinary and integumental losses rapidly increase to a plateau that is not then exceeded in normal circumstances unless zinc supplements are administered. Simultaneously there is a progressive increase in intestinal excretion of endogenous zinc that correlates with the increase in absorbed zinc and does not plateau within a physiologic range of intake. Thus, although the rate of increase in absorbed zinc exceeds the rate of increase in intestinal excretion of endogenous zinc as the intake of available zinc increases, the increased intake has to be quite substantial before absorbed zinc "catches up" with total endogenous losses (and, in children, provides sufficient retention for new tissue requirements).
Alhough net zinc losses at intakes less than requirements are likely to be modest, they may also be cumulative, as complete adaptation appears not to occur. Functional disturbances can occur with almost undetectable diminution of tissue zinc levels. The young child is now well identified as a subgroup of the population at special risk from these insidious zinc-deficiency states.
The revised estimates of requirements (EARs or estimated average requirements) published by the Food and Nutrition Board of the Institute of Medicine are based primarily on meals in which the availability of zinc is relatively favorable [44] . This does not apply to the majority of developing countries. In recognition of the huge global issue of poor zinc bioavailability, due primarily to high phytate intakes, the World Health Organization (WHO) has published estimates of zinc requirements based on high, average, or low bioavail-ability [45] . It should be appreciated, however, that most existing quantitative human data on the effects of phytate are derived from single test meal data and do not provide information on effects other than those on absorption of exogenous zinc and do not provide insights into sustained long-term effects of high-phytate diets.
Infants and children
The preceding discussion of key variables of zinc homeostasis and their interrelationships and of how quantitative data on these can provide the basis for a factorial approach to estimating zinc requirements has given no attention to the effects of age and sex. Two groups of special concern are pregnant women [46, 47] and young children. Pregnancy has been covered elsewhere [48] , but infants and young children require special consideration here.
Fully breastfed infants typically acquire adequate zinc from human milk, probably together with some contribution from neonatal stores, for the first six months of postnatal life [27] . Small-for-gestational age infants may be an exception to this statement [49, 50] , possibly because of their diminished neonatal zinc stores (although this has not been proven). Premature infants fed their own mother's milk, and especially very-low-birthweight premature infants, either require or are likely to benefit from additional zinc after the first two months [51] . The favorable situation during the first six months for term infants is potentially in jeopardy if the mother's milk supply is low or if other fluids or complementary foods are given.
After six months, older breastfed infants are dependent on complementary foods for a substantial part of their zinc requirements, and as for iron, this is a stage of special concern with respect to zinc nutriture. From this stage through childhood, an approximate estimate of requirements can be derived from dietary data included in zinc intervention studies that have demonstrated a positive growth response (see above). However, as for adults, a factorial approach for older infants and children probably offers the best option at this time. Although estimates of requirements for older infants and children based on a factorial approach have been published recently [52] , it should be appreciated that factorial calculations for the period between six months of age and adulthood are dependent on extrapolations from adult data. These data may be augmented or modified by data from younger infants [26, 53] . The acquisition of data for fractional absorption of zinc and intestinal excretion of endogenous zinc in older infants and young children is an especially high priority. In applying a factorial approach to children, retention required for growth has to be considered. Probably the best estimate available is that derived from chemical analysis of the whole body [54] , which gives an average figure of approximately 20 mg per kilogram of new tissue.
Conclusions and implications for programlinked research
Our increased understanding of the biology of zinc leaves no reason to doubt the exceptional importance of zinc in human nutrition and public health. Although determining the specific biochemical and pathophysiological correlates of the clinical features of human zinc deficiency still requires much research, the ubiquity of zinc in biology and the roles of this metal in so many aspects of metabolism, including those that are central to cellular growth and differentiation, are very compatible with the wide variety of problems that have been linked with zinc deficiency. These include problems that are of substantial public health concern in the developing world.
Regulation of intestinal absorption of exogenous dietary zinc and of intestinal excretion of endogenous zinc has a preeminent role in maintaining zinc homeostasis. Although the combined regulation of these processes mitigates the effects of inadequate intake of bioavailable zinc in normal circumstances, adaptation appears to be less than perfect. We recognize this especially because of the extensive documentation of clinically important sequelae of suboptimal dietary zinc intake, despite reductions in tissue zinc that are frequently too small to detect. Supportive evidence has been derived from estimates of the size of exchangeable zinc pools and the typically positive correlation between these and the quantity of zinc ingested and absorbed.
Furthermore, on a global basis, dietary factorsnotably phytic acid-are likely to reduce, sometimes greatly reduce, the quantity of ingested zinc that is available for absorption. This not only increases the risk of zinc deficiency, but also complicates the challenge of determining dietary requirements for this micronutrient. Similar considerations apply to certain host factors, notably diarrhea.
Fortunately, quantitative measurements of these variables under a variety of environmental and host circumstances are now feasible with the application of zinc stable isotope methodology. At this stage, application of these techniques should be combined with operational research designed to prevent (or treat) zinc deficiency at a community level. They should be used not only as a potent tool to help design optimal strategies for specific communities, but also to provide a quantitative means of evaluating the efficacy of these strategies.
